It is well known that native oxide on hydrogen-terminated Si hardly grows in a drying atmosphere. We have developed an in situ observation system using grazing incidence X-ray reflectivity (GIXR) and Fourier transform infrared spectrometer (FTIR). In this study, we investigated the native oxide growth on hydrogen-terminated p-Si (100) in an actual drying atmosphere, which was prepared to 70 ppm H 2 O under atmospheric pressure at room temperature.
The control of native oxide growth on Si surfaces has become important for thinning the semiconductor devices. Morita et al. 1) have reported that the coexistence of oxygen and moisture influences native oxide growth. They showed that the first layer of native oxide was formed within one day in clean room air containing 1.2% H 2 O. On the other hand, in dry air (O 2 /N 2 = 1/4) containing less than 0.1 ppm H 2 O, its growth was negligible even after 7 days.
However, in view of the cost and operation, the moisture concentration of dry air seems to be too severe specification to apply to the atmospheric control around the wafers. The moisture concentration of dry air corresponds to that of ultrapure gases such as nitrogen, oxygen, hydrogen and argon, which are used in the production of semiconductor devices. The mechanism of native oxide growth should be studied in a more realistic environment. As an actual drying system, we have built dry rooms for lithum-cell factories and their specifications range from 10 to 100 ppm.
In this study, we investigated how native oxide grew in an actual drying atmosphere. We have developed an in situ observation system on a Si surface using grazing incidence X-ray reflectivity (GIXR) and Fourier transform infrared spectrometer (FTIR). Using this system, we can continually observe the surface of idential Si wafer under a prepared moisture concentration at atmospheric pressure and room temperature. Figure 1 shows the composition of an in situ observation system using GIXR and FTIR. The moisture concentration is able to be adjusted from 0.1 to 10,000 ppm. It is composed of a standard gas cylinder, a moisture generator, sample cells, moisture analyzers, and GIXR and FTIR devices. Cleaved and etched wafers are placed in the sample cells. Each equipment is connected by mirror-finished stainless-steel pipes or clean Teflon pipes using the oil-free airtight method. There is no generation of contaminants inside the system. Pure standard gas is precisely adjusted to the concentration by using a moisture generator which is bubbled in a tank filled with pure water. The gas is carried to the sample cells using the pressure of the gas cylinder. The cleanness of the sample cells depends on that of the pure standard gas and pure water, so the system rarely contains any contaminants on the surface. 2) Sample cells are completely closed containers made of aluminum. Prepared gas always circulates through the pipes con- necting them. Analytical rays of GIXR or FTIR are emitted to samples through the windows, which are bonded to both sides of the cells. The windows of the cells for GIXR and FTIR are made of Kapton film and single-crystal calcium fluoride. GIXR is able to determine the macroscopic parameters of the film structure by analyzing the reflection curve.
3) The incident X-rays interfere with reflected X-rays at the grazing angle. The interference effects depend on factors which include the number and thickness of layers, the density of layers, and the roughness of the surface or interface. The roughness can be considered to be caused by many smooth planes distributed in a Gaussian manner. The peak of the Gaussian distribution is the average plane of the deviations of the roughness. The roughness is caused by oxidation, etching, and crystaloriginated particles (COPs) on Si substrate. The error bar of roughness and thickness was 0.1 nm, and that of density was 0.04 g/cm 3 . FTIR is able to show chemical structures compared with parameters by GIXR. FTIR measurements are performed by a IFS-120HR (Bruker) equipped with a MCT (HgCdTe) detector in transmission mode. The absorption spectra are calculated from a ratio of the power spectra of the sample and air reference. The sample cell is placed in the compartment of the spectrometer purged in N 2 gas.
Samples were p-type Si(100) wafers. All samples were cleaved from the same wafer. After cleaving, they Fig . 2 . GIXR results; surface roughness, film thickness, and film density of the p-Si(100) surface versus exposure time to air. The moisture concentration in air is prepared to be 70 ppm on average. Fig. 3 . FTIR results; IR spectra of the p-Si(100) surface exposed to air. The moisture concentration in air is prepared to be 70 ppm on average.
were etched and hydrogen-terminated with a 4% buffered hydro-fluoric acid (BHF) solution dip for 10-20 s and then rinsed in pure water. We prepared four sample pieces, one was 2 cm 2 for GIXR and three were 3×5 cm 2 for FTIR. Samples for FTIR were arranged side-by-side and tilted about 60 deg against IR radiation. Sample gas was pure standard air, in which the moisture concentration was 70 ppm. The observation period was 26 days. Figure 2 shows GIXR results. Immediately after etching, a roughness of 0.56 nm already existed on the surface. Before the 5th day, it increased with exposure time due to Si oxidation. The thickness and density of native oxide films could not be observed yet, since they were under the lower limit of GIXR measurement. From the 5th to the 10th, surface roughness, film thickness and film density increased simultaneously with exposure time, and at the 11th, they increased 0.72 nm, 0.86 nm and 2.1 g/cm 3 each. After the 11th, only film thickness gradually increased every 0.21 nm step with exposure time, while surface roughness and film density showed saturation. The value of these steps corresponded to the thickness of monolayer of Si oxide. Figure 3 shows FTIR results. As native oxide on the Si(100) surface had grown at the 26th, all data were subtracted by the spectra in the 26th and we subsequently performed a baseline correction. Immediately after etching, the surface exihibited a peak at 2110 cm −1 , which was due to the Si dihydride (Si-H 2 ). This shows that the surface was predominantly terminated with Si-H 2 . The dihydride mode decreased in intensity with exposure time, and at about the 10th, it disappeared.
Based on the results mentioned above, we discuss the process of native oxide growth on Si(100) in air prepared with 70 ppm H 2 O. At the initial stage of oxidation, surface roughness increased with exposure time (Fig. 2) , while Si-H couplings on the surface were retained (Fig. 3) . These results support previous reports proposing that the initial oxidation of hydrogen-terminated Si occurs from the backbond of the surface. 4, 5) The first layer formed after simultaneous increases of the surface roughness, film thickness and film density (Fig. 2) . In this process, Si-H couplings gradually decreased and then disappeared (Fig. 3) . Under the second layer, only film thickness increased with every step, which corresponded to a Si oxide monolayer (Fig. 2) . This result supports previous reports proposing that the hydrogen-terminated Si(100) surface is oxidized layer-by-layer. 1, [6] [7] [8] Regarding the growth rate of native oxide, in dry air prepared with 70 ppm H 2 O, the first layer formed over 10 days. This indicates that the reduction of the moisture concentration around the wafers, even if it is not as severe as that for ultrapure gases, contributes to the control of native oxide growth.
In conclusion, we have developed an in situ observation system using GIXR and FTIR, and observed native oxide growth on a Si(100) surface in an actual drying atmosphere. We will propose the mechanism of native oxide growth as a parameter in a wide range of moisture concentrations and various gases.
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